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Introduction 1
With the fast development of the low power wireless sensor networks and the is generally the most versatile and ubiquitous ambient energy source [5] , and three 10 types of vibrations energy harvesters, electrostatic [7] [8] [9] [10] [11] , electromagnetic [12] [13] 11 and piezoelectric [14] [15] [16] [17] have been studied a lot. Piezoelectric energy harvesting 12 devices have been most intensively studied because of their simple configuration, 13 high conversion efficiency and compatible manufacturing process.
14 To maximize the harvested power output, most of the piezoelectric energy harvesters
15
(PEH) utilize a linear vibrating structure of mass-cantilever system [18] , which 16 provides optimal power output at a high resonant frequency (typically larger than 17 200 Hz), as shown in Fig. 1 . However, the environmental vibrational frequencies are 18 spectrally distributed and usually below 100 Hz (especially abundant below 50 Hz).
19
Therefore, frequency up-conversion structures are designed to match the ambient 20 excitation [19] [20] . Tang et al. [19] demonstrated that by using magnetic repulsion 21 forces to achieve non-contact frequency up-conversion, an average power generation In this paper, we have developed a polyvinylidene fluoride (PVDF) films based 3 piezoelectric energy harvester (PPEH) with a bi-resonant structure shown in Fig.   4 2(a), which consists of two cantilever-mass systems to achieve two different resonant 5 frequencies. On each of the stainless steel cantilevers, PVDF film is attached to 6 generate electric energy from the stress caused by external vibration sources. The 7 PVDF based polymeric piezoelectric films are used instead of the PZT materials in 8 this demonstration because PVDF is a lead-free polymer material, which is more 9 compatible to the CMOS/MEMS technology. In addition, the PVDF polymer 10 material has lower Young's modulus which can result in lower resonant frequency of 11 the structure [22] . As shown in Fig. 2(c) , there is one specific resonant frequency for 12 each beam-mass system. When one of the masses is oscillating at resonance, the 13 vibration amplitude may be large enough to make the mass collide with the other 14 mass and drive the latter into forced vibration mode. Therefore, the latter mass also 15 oscillates to a significant level even though the frequency is off its resonant 16 frequency. By series connection of the circuits of the PPEH-top (PPEH-T) and 17 PPEH-bottom (PPEH-B), the device bandwidth can be widened. In an optimal 18 design, the PPEH with the bi-resonant structure can outperform the sum of the two 19 subsystems in terms of the energy harvested from random vibration sources. It 20 should be noted that this dual resonant structure can also be applied to the other 
26
(1) the magnitude of the mass displacement is small compared to the beam length, so 27 that the "stiffening effect" and the nonlinearity of the beam can be neglected;
28
(2) the two beam-masses are perfectly aligned, and the collision between them is 1 one-dimensional and elastic with no energy loss; 2 (3) the electromechanical coupling force may be neglected in this device as it is 3 typically small compared to the spring force and the collision force.
4
When no collision (x 1 -x 2 +g 0 >0) occurs, the governing mechanical equation for the 5 fundamental vibration mode can be written as (i=1 for PPEH-T, i=2 for PPEH-B):
where m i is the equivalent mass, c i is the equivalent damping coefficient, k i is the respectively. From Eq. (2), the velocities of the masses after the collision can be 17 calculated: With the Simulink model, we can study the frequency response of the device. We Furthermore, we also calculated the performance of the device under a random 22 vibration source. Figure 6 shows the algorithmic scheme used in the simulation.
23
With a white noise generator and proper frequency filter, we can define various 24 random vibration sources at low frequency to mimic different scenarios in reality. In 
Experiment

13
An experimental PPEH device with bi-resonant structure was fabricated to validate 14 the numerical modeling. As shown in Fig. 2(a) , the proposed bi-resonant structure and 28 μm, respectively, which gives a capacitance of 1.38 nF.
5
The two subsystems were connected in series in the measurement setup as shown in in one cycle are shown in Fig. 13(d-f) .
10
The average RMS power outputs in 200 test cycles are plotted in Fig. 13(g-i) , where 11 the device with bi-resonant structure shows higher harvesting efficiency than the Table II . It should be noticed that the measurement results are 25 lower than the simulation we have shown in Fig. 8 . This is mainly due to the fact that 26 we have neglected the energy loss during the collision in the simulation and the 27 parasitic capacitance has not been included in the model. [27] S. Li, Z. Peng, A. Zhang, and F. Wang, "Dual resonant structure for energy harvesting from 20 random vibration sources at low frequency," AIP Advances 6, 015019 (2016). 
